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A highly stretchable plasmonic structure composed of a monolayer array of metal-capped colloidal spheres on 
an elastomeric substrate has been fabricated using simple and inexpensive self-assembly and transfer-printing 
techniques. This composite structure supports coupled surface plasmons whose wavelengths are sensitive to 
the arrangement of the metal-capped colloidal spheres. Upon stretching, the lattice of metal-capped colloidal 
spheres will be deformed, leading to a large wavelength shift of surface plasmon resonances and simultaneously 
an obvious color change. This stretchable plasmonic structure offers a promising approach to tune surface plasmon 
resonances and might be exploited in realizing flexible plasmonic devices with tunability of mechanical strain. 
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Plasmonic structures have received increasing attention 
owing to their unique optical response resulting from 
the excitations of surface plasmons [1–3]. Surface 
plasmons are surface charge density oscillations bound 
at metallic surfaces [4]. The concentration of their 
optical near-fields and subwavelength nature can 
render important applications in many fields from  
bio-sensing to nanophotonics [3]. 
The optical response of conventional plasmonic 
structures composed of either metallic nanoparticles 
or nanostructured continuous metallic films is 
determined by their structural parameters and 
remains unalterable once fabricated. To obtain more 
degrees of freedom in tuning, plasmonic structures 
which are tunable by external means are highly 
desirable. The tunability of plasmonic structures can 
significantly expand their application scope. Up to 
now, several tuning mechanisms have been proposed, 
including electrical [5], thermal [6], ferroelectric [7], 
and mechanical [8] tuning. Except for mechanical 
tuning, other tuning mechanisms offer a rather small 
spectral range of tuning. Mechanically tunable 
plasmonic structures which have already been 
demonstrated include metal nanoparticles embedded 
in a polymer matrix [9], and metal gratings [8, 10] and 
nanovoids [11] supported by elastomers. Metal 
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nanoparticles support only localized surface 
plasmons, while metal gratings support delocalized 
surface plasmons, but for a single polarization. On 
the other hand, tunable metal nanovoids [11] can 
support localized or delocalized surface plasmons 
depending on their truncations. Their reported spectral 
tuning range is, however, rather small [11]. Moreover, 
both tunable metal gratings and nanovoids cannot 
sustain large strain since fractures occur under these 
conditions. 
In this paper, we describe a simple and inexpensive 
method, based on self-assembly and transfer-printing 
techniques [12], to fabricate a highly stretchable 
plasmonic structure—a monolayer array of metal- 
capped colloidal spheres on an elastomer substrate. 
This structure supports delocalized surface plasmons 
and, under stretching, the surface plasmon resonances 
undergo a large wavelength shift. This mechanically 
tunable plasmonic structure can sustain large strain 
without noticeable fractures in the substrate, or lattice  
disorder in the metal-capped colloidal spheres. 
2. Experimental 
The procedure for fabrication of the stretchable 
plasmonic structure is shown schematically in Fig. 1(a). 
The first step is to prepare a gold-coated quartz slide 
covered with a monolayer array of polystyrene (PS) 
spheres. The detailed process is as follows. A 
10-nm-thick Cr cohesive layer was first deposited 
onto the 1-mm-thick quartz substrate. A 200-nm-thick 
Au layer was then deposited on the Cr layer by 
sputtering. A monolayer array of monodisperse PS 
spheres of diameter 600 nm (size dispersion 1%) was 
formed on the Au surface by a self-assembly method 
[13]. It should be noted that metal surfaces coated 
with a monolayer array of colloidal spheres show 
interesting optical responses [14] and can serve as an  
affinity sensor with high sensitivity [15]. 
The second step is to prepare an elastomeric 
substrate. A 1-mm-thick transparent polydimethyl- 
siloxane (PDMS) (Sylgard 184, Dow Corning; the 
mixing ratio between the polymer precursor and the  
 
Figure 1 (a) Sample fabrication procedure. (b) Optical image of a typical sample placed on the round surface of a pen body. (c) SEM
image of the sample. The inset shows a close-up image of the metal-capped PS spheres. The metal caps can be clearly seen 
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curing agent was 10:1.0) layer was spread on another 
quartz slide and left to cure at 50 °C for 12 h [16]. 
After curing, the PDMS membrane was carefully 
peeled off the slide. The third step is to transfer the 
monolayer array of PS spheres onto the PDMS 
substrate. To do this, the PDMS film was pasted onto 
the monolayer array of PS spheres prepared in the 
first step. The PDMS film was then carefully peeled 
off, such that the monolayer array of PS spheres was 
completely transferred onto the PDMS substrate— 
this is due to the large static force of the neat PDMS 
surface (like adhesive tape) and the relatively much 
weaker interactions between the colloidal spheres and  
the Au surface. 
The final step is to deposit a 40-nm-thick Ag film 
on the monolayer array of PS spheres by thermal 
evaporation. Thus, a monolayer of Ag-capped PS  
spheres was formed on the elastic PDMS substrate. 
Fabricated samples were imaged with a digital 
camera (Canon EOS 5D). Optical micrographs of the 
samples under stretching were observed with a Leica 
microscope (DM6000 M) which was connected to a 
charge coupled device (CCD) camera. The morphology 
of the samples was characterized by scanning electron 
microscopy (SEM) (JEOL FESEM JSM-6701F). Reflection 
spectra at different incident angles were measured 
with our homemade macro-optical spectrometer. 
Microscopic reflection spectra of the samples under 
stretching were measured with an imaging spectro- 
meter (HORIBA Jobin-Yvon iHR320) which was con-  
nected to the Leica microscope.  
3. Results and discussion 
The samples show opalescence due to both diffraction 
by the array of Ag-capped PS spheres and absorption 
by surface plasmon resonances (to be discussed later) 
(Fig. 1(b)). Structural characterization by SEM revealed 
that the Ag-capped PS spheres are arranged regularly 
in a triangular lattice (Fig. 1(c)). The Ag caps are 
almost half-shells. It is worth mentioning that metallic 
half-shells possess many interesting optical properties  
[17–19].  
The reflection spectra of the fabricated structure 
were obtained by macro-optical spectroscopy at 
different incident angles, as shown in Fig. 2. At 
normal incidence, two prominent reflection dips can 
be found. With increasing incident angles, the low- 
wavelength reflection dip is still observed and shifts 
to higher wavelength. The high-wavelength dip also 
shifts with incident angle, but almost disappears at  
large incident angles. 
 
Figure 2 Reflection spectra of the stretchable plasmonic 
structure at different incident angles measured by macro-optical 
spectroscopy. Arrows indicate reflection dips corresponding to 
the resonances of coupled surface plasmons 
The existence of reflection dips can be understood 
in terms of excitations of delocalized surface plasmons, 
i.e., coupled surface plasmons [1–3]. It is well known 
that an isolated Ag cap supports localized surface 
plasmons. When Ag-capped PS spheres are put 
together to form a regular two-dimensional (2-D) 
lattice, localized surface plasmons between neighboring 
Ag caps can couple with each other provided that 
their distance is not too large. Due to the periodicity 
of the 2-D lattice, this coupling leads to a well- 
defined dispersion of surface plasmons or band 
structure ω (kSP), where kSP is the wave-vector of the 
coupled surface plasmons. If the in-plane wave- 
vector of incident light k&  satisfies the following 
phase-matching condition [1–3] 
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SP = +&k k G               (1) 
then coupled surface plasmons can be excited, where 
G represents the reciprocal lattice vectors of the 2-D 
lattice. Therefore, the coupling of incident light with 
coupled surface plasmons is responsible for the 
observed reflection dips [20]. The dependence of the 
reflection dips on incident angles can be understood 
by the fact that incident light with different incident  
angles will excite different coupled surface plasmons. 
To demonstrate the tunability of the our stretchable 
plasmonic structure, we observed its color change 
and also recorded its reflection spectra with a 10× 
optical microscope when stretching the PDMS substrate, 
as shown in Fig. 3. Without stretching, the sample 
appears bright green. With increasing strain, there is 
an obvious color change from green to brown to dark  
red at large strain (Figs. 3(a)–3(f)). After being released 
from the stretched state, the original bright green color 
was quickly recovered, confirming the reversibility of 
tuning. The measured reflection spectra confirm these 
observations. The reflection dip due to the coupled 
surface plasmons undergoes a wavelength shift 
towards larger wavelengths with increasing strain 
(Fig. 3(g)). Figure 3(h) shows that there is an almost 
linear variation in the reflection dip as a function of 
strain. The wavelength shift of the reflection dip on 
stretching is large: at 37.6% strain, for instance, the 
wavelength shift is as large as 47 nm. This indicates 
that the stretchable plasmonic structure has a high  
tunability. 
The triangular lattice of the monolayer array of 
Ag-capped PS spheres shows a deformation under 
stretching. Under a strain of about 41% the triangular 
lattice of Ag-capped PS spheres is deformed into an 
almost square lattice (Fig. 4(b)), which is also confirmed  
 
Figure 3 Colors of the sample and reflection spectra measured by micro-optical spectroscopy under different applied strain: (a) 0, (b) 8%,
(c) 15%, (d) 23%, (e) 30%, and (f) 38% strain. (g) Spectra of the samples in (a)–(f) are shown from bottom to top, where the arrows indicate
the surface plasmon resonances. (h) Wavelengths of the surface plasmon resonance as a function of strain. The dots and the line
represent measured and fitted results, respectively 
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by the light diffraction pattern. Note that the coupled 
surface plasmons supported by the stretchable 
plasmonic structure depend strongly on the coupling 
of surface plasmons between neighboring Ag caps. 
As a result, their wavelengths depend not only on the 
lattice type, but also on the distance between 
neighboring Ag caps. Without any applied strain, the 
lattice is triangular with a coordination number of six. 
The coupling of surface plasmons between neighboring 
Ag caps is a maximum. Under strain, the lattice 
becomes deformed and the coordination number 
decreases below six. This will lead to a decrease in 
the coupling of surface plasmons between neighboring 
Ag caps, eventually resulting in the observed upward 
wavelength shift of the reflection dips with increasing  
strain. 
Our plasmonic structure is highly stretchable. 
After releasing from stretching under more than 50% 
strain, the original bright green color of the structure 
is restored. SEM images also revealed that, even under 
more than 50% strain, there are neither fractures in 
the PDMS substrate nor disorder in the lattice of  
Ag-capped PS spheres. 
4. Conclusions 
A highly stretchable plasmonic structure consisting 
of a monolayer array of Ag-capped PS spheres on an 
elastic PDMS substrate has been fabricated using 
self-assembly and transfer-printing techniques. The 
structure shows surface plasmon resonances which 
can be tuned by stretching, leading to a reversible 
color change. The large shift in surface plasmon 
resonances and color change under strain suggest 
that this tunable plasmonic structure might find niche  
applications from sensing to display. 
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